Esophageal cancer remains one of the most virulent malignancies with ranking eighth in incidence and sixth in cancerrelated mortality worldwide (1). These malignancies are particularly prevalent in China and other countries in Asia, where esophageal squamous cell carcinoma (ESCC) 3 is most common (1). A 5-year overall survival rate has not been improved evidently despite the progressed surgical techniques and incorporation of new therapeutic approaches in the past decades (2).
Esophageal cancer remains one of the most virulent malignancies with ranking eighth in incidence and sixth in cancerrelated mortality worldwide (1) . These malignancies are particularly prevalent in China and other countries in Asia, where esophageal squamous cell carcinoma (ESCC) 3 is most common (1). A 5-year overall survival rate has not been improved evidently despite the progressed surgical techniques and incorporation of new therapeutic approaches in the past decades (2) .
Adjuvant chemotherapy for ESCC could reduce postoperative recurrence and improve survival (3, 4) . Nevertheless, accumulating evidence shows that cancer often acquires resistance to chemotherapy after nonlethal exposure (2, 5) . Thus, an integrated view of chemoresistance will provide a more useful approach for designing novel therapies for this devastating disease.
ID1 (inhibitor of differentiation/DNA binding 1) is a member of the helix-loop-helix protein family and contributes to tumorigenesis by inhibiting cell differentiation, stimulating proliferation, and facilitating tumor neoangiogenesis (6 -9) . ID1 was found to be overexpressed in diverse human tumor types including prostate, breast, colon, and esophagus. The overexpression of ID1 is frequent (93%) in human primary ESCC (10) . ID1 expression correlates directly with tumor invasion, metastasis, and poor prognosis in ESCC (6, 11, 12) . Notably, ID1 was involved in chemotherapy and radiotherapy resistance in human cancers including pancreatic adenocarcinoma, breast cancer, lung cancer, colorectal cancer, and esophageal cancer and becomes a new potential therapeutic target (13) (14) (15) (16) (17) . ID1 is transactivated in the context of 5-fluorouracil therapy, which provides a resource for future study addressing the molecular mechanisms of chemotherapy in breast cancer (18) . In the study of p53 protecting cells from arsenic caused cell cycle arrest, ID1 is more extensive induced by arsenite in p53 ϩ/ϩ cells rather than p53-deficient cells, which display greater resistance to arsenite-induced mitotic arrest and apoptosis (19) . A recent study reported that competitive binding between ID1 and E2F1 to Cdc20 regulates E2F1 degradation and thymidylate synthase expression to promote esophageal cancer chemoresistance. The ID1-E2F1-IGF2 regulatory axis has important implications for cancer prognosis and treatment (12) . These data indicate that ID1 is up-regulated by chemotherapeutic drugs and may be involved in chemoresistance. However, the mechanisms of ID1 affecting chemoresistance have yet to be elucidated.
The transcription factor activator protein-1 (AP-1) is a menagerie of dimeric basic region leucine zipper proteins that recognize either 12-O-tetradecanoylphorbol-13-acetate response elements (5Ј-TGAG/CTCA-3Ј) or cAMP response elements (5Ј-TGACGTCA-3Ј) (20) . AP-1 is a mammalian transcription factor and collectively describes a group of structurally and functionally related members of the Jun protein family (c-Jun, JunB, and JunD) and Fos protein family (c-Fos, FosB, Fra-1, and Fra-2) (20, 21) . It has been reported that AP-1 is required for cell survival and involved in multidrug resistance (22, 23) . Recent research demonstrated that the aberrantly high levels of ID1 expression in cancer are often a consequence of transcriptional induction by many proteins that are activated in a constitutive manner in cancer cells and affect chemoresistance (24 -26) . Bearing in mind the key roles of AP-1 and ID1 in chemoresistance, the transcriptional regulation between ID proteins and AP-1 is of particular interest.
In this study, we report that ID1 conferred etoposide chemoresistance through inhibiting caspase 3 activity and PARP cleavage. Ablation of ID1 promoted etoposide-induced apoptosis. Mechanistically, c-Jun/c-Fos bound directly to the ID1 promoter region and activated its transcription in vivo. 
Materials and Methods
Cell Lines and Cell Culture Conditions-Human ESCC cell lines (KYSE series) were generous gifts from Dr. Shimada Y (Kyoto University). KYSE30, 140, 180, and 450 cell lines used in this study were originally established from primary esophageal squamous cell carcinoma tissue samples after surgery in ESCC patients, who had not received prior cytotoxic therapy, whereas KYSE150 were from patients who had received cytotoxic therapy previously (27) . The cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum, 100 units/ml streptomycin, and 100 units/ml penicillin.
Patient Tissue Samples-Tissue samples from 34 patients with ESCC were used for ID1, c-Jun, and c-Fos mRNA expression analysis, and patients were consecutively recruited at the Chinese Academy of Medical Sciences Cancer Hospital (Beijing, China). At recruitment, informed consent was obtained from each subject. This study was approved by the Institutional Review Board of the Chinese Academy of Medical Sciences Cancer Institute and Hospital. A tissue microarray from 110 patients with ESCC was previously made in our lab (28) .
Plasmids Construction and Site-directed Mutagenesis-Fulllength cDNA of human ID1 was cloned into the mammalian expression vector pLVX. The promoter region of ID1 (Ϫ2209 to Ϫ163) was cloned into the pGL3-basic vector, designed as ID1-pro-2000. One point mutation was introduced into target site by mutagenesis PCR. The resulting construct was verified by direct sequencing. c-Jun and TAM67 expression plasmids were generated in our laboratory. c-Fos expression plasmids were provided by Dr. Marta Barbara Wisniewska (University of Warsaw, Warsaw, Poland).
Western Blot Analysis-Western blot was performed as described previously (29) . The following antibodies were used: ID1, cleaved caspase 3, PARP, p53, c-Jun, and c-Fos (Santa Cruz, Delaware, CA) and ␤-actin (Sigma-Aldrich).
Immunohistochemistry-Immunohistochemistry were performed as described previously (30) . The human ESCC tissue microarray was subjected to immunohistochemistry using antibodies against ID1 (Santa Cruz).
siRNA Transfection, RNA Isolation, and PCR Analysis-The cells were transfected with siRNAs (10 nM) by HiperFect (Qiagen) following the manufacturer's protocol. ID1 siRNA (GS3397; Qiagen), c-Jun siRNA (GS3725; Qiagen), c-Fos siRNA (GS8061; Qiagen), and negative control siRNA (1027310; Qiagen) were purchased from Qiagen. RNA purification and qRT-PCR were performed as described previously (31) . The primers used are listed in Table 1 .
Chromatin Immunoprecipitation Assay and Luciferase AssayThe luciferase assay and ChIP was performed as described previously (29) . The antibodies against c-Jun and c-Fos were from Beijing Golden Bridge Biotechnology Company.
Cell Proliferation Assay-The cell proliferation assay was performed as described previously (31) .
Cell Apoptosis Assay-Apoptosis assay was measured using the BD FITC annexin V apoptosis detection kit (BD Biosciences) according to the manufacturer's protocol. Briefly, cells were digested with trypsin-EDTA into single-cell suspensions and then collected. The resuspended cells (1 ϫ 10 5 ) were centrifuged at 1,000 rpm for 5 min to remove the supernatant, and the cells were resuspended in 100 l of annexin V binding solution and transferred into a 5-ml culture tube. Annexin V-FITC (3 l) was added to the solution and incubated at room temperature for 15 min in the dark, followed by the addition of 400 l of annexin V binding solution, and propidium iodide (3 l) was added for flow cytometry.
Statistical Analysis-We statistically evaluated experimental results using two independent sample t tests, a one-way analysis of variance test, and Pearson correlation analysis. Survival analysis was performed by PROGgeneV2, a web-based resource combining genomic/clinical database and analysis tools that enable single/multiple gene-based prognostic assessment (32) . All tests of significance were set at p Ͻ 0.05.
Results

ID1 Expression Was Induced by Etoposide in Esophageal
Cancer Cells-Previous studies indicated that ID1 was commonly up-regulated by chemotherapeutic drug treatment (18, 19) . To evaluate the possible role of ID1 in ESCC, we first analyzed ID1 expression in ESCC tumor tissues and ESCC cell lines Fig. 2A , the IC 50 values of KYSE180 and KYSE450 cells were higher than those of KYSE150 and KYSE140 cells, which might be due to increased expression of endogenous ID1. Next, we examined the effect of etoposide on KYSE150 and KYSE450 cells with ectopic expression of ID1. As shown in Fig. 2B , cell viability was significantly increased by overexpression of ID1 in response to etoposide, indicating that overexpression of ID1 enhanced cell resistance to etoposide in esophageal cancer cells. To further study whether ID1 may influence cellular chemoresistance, we measured the cell apoptosis in pLVX and pLVX-ID1 cells treated with etoposide. Overexpression of ID1 significantly reduced etoposide-induced cell apoptosis in KYSE450 cells (Fig. 2C) . A previous study showed that ID1 indirectly repressed p53, which promotes chemoresistance in HCT116 cells (19) . Consistent with the previous report, we also found that p53 was markedly decreased following etoposide treatment in ID1 stable transfectants, which further inhibited caspase 3 activity and PARP cleavage (Fig. 2D) . Conversely, silencing of ID1 enhanced etoposide-induced apoptosis in KYSE450 cells (Fig. 2, E and F) . Taken together, overexpression of ID1 could enhance cell resistance to etoposide, whereas knockdown of ID1 reduced the chemoresistance in ESCC cells.
Up-regulating ID1 upon Etoposide Activation Is Mediated through AP-1 Binding Sites-To explore whether the increase of ID1 induced by etoposide was in transcriptional or posttranscriptional regulation, we constructed the promoter of ID1 (2 kb) and transfected KYSE450 cells treated with or without etoposide to examine ID1 transcriptional activity. As shown in Fig. 3A , etoposide treatment dramatically activated the promoter of ID1 in KYSE450 cells. These data indicated that the increased expression of ID1 was due to the transcriptional activity in response to etoposide and may involve in other transcriptional factors. Previous study revealed that AP-1 regulates responsive promoter via binding to its canonical TGAG/CTCA motif or TGACGTCA boxes located in the promoter regions of the target genes (33) . To further determine the direct regulation of ID1 by AP-1, we first searched for putative AP-1 binding sites on the human ID1 promoter. Remarkably, we identified one potential AP-1 binding site at Ϫ919 to Ϫ911 bp upstream of the ID1 ATG codon. Moreover, the putative TGACGTCA site is highly conserved among different species (Fig. 3B) , suggesting that ID1 might be a direct target gene of c-Jun/c-Fos. To confirm whether the putative AP-1 binding site was involved in transactivation, we next used ID1 promoter reporter constructs containing either wild-type or mutant putative AP-1 binding site. These constructs were cotransfected with or without c-Jun/c-Fos, and then luciferase activity was determined. As shown in Fig. 3C , a 5-fold increase of wild-type putative AP-1 binding site cotransfected with c-Jun/c-Fos was observed, but no significant activation of the mutant was found, indicating that c-Jun/c-Fos activates ID1 through the conserved AP-1 binding site. We also observed a 2.5-fold increase of wild-type putative AP-1 binding site treated with etoposide, but no significant activation of the mutant, indicating that etoposide-induced ID1 promoter activation requires this conserved site (Fig.  3D) . To further examine whether AP-1 regulates ID1 gene transcription in vivo, we performed a quantitative ChIP assay using samples with or without etoposide treatment and antibodies against c-Jun and c-Fos. The results showed that AP-1 specifically binds the promoter region encompassing the putative conserved AP-1 binding site of the ID1 gene especially after etoposide treatment. In contrast, IgG did not precipitate detectable DNA (Fig. 3E) , providing additional evidence to support the active role of c-Jun/c-Fos in ID1 gene transcription in vivo.
The Activation of ID1 Required c-Jun and c-Fos in Response to
Etoposide-Recent studies demonstrated that the aberrantly high expression of ID1 in cancers is often a consequence of transcriptional induction by many proteins that are activated in a constitutive manner (25, 26) . Our previous study indicated that among the AP-1 family of transcription factors, c-Jun/ AP-1 could bind and activate the expression of a series of genes in esophageal cancer cells (34, 35) . Therefore, we speculated that transcriptional regulation by AP-1 might contribute to the underlying mechanism of ID1 involved in esophageal cancer cells response to etoposide. To clarify this, we examined c-Jun and c-Fos expression in KYSE450 cells treated with etoposide. qRT-PCR and Western blot results clearly showed that c-Jun/ c-Fos and ID1 expression was induced by etoposide (Fig. 4, A  and B) , suggesting that c-Jun and c-Fos may involve in the transcription of ID1 responding to etoposide. To examine the transcriptional mechanism, we performed experiments using c-Jun, c-Fos, TAM67 expression plasmids, or c-Jun and c-Fos siRNA in KYSE450 ESCC cells. TAM67 is a dominant-negative form of c-Jun that interacts broadly with all AP-1 transcription factors to inhibit transactivation (36) . As shown in Fig. 4C , ectopic expression of c-Jun/c-Fos, rather than TAM67, increased the expression of ID1 in KYSE450 cells. Moreover, compared with control groups, silencing of c-Jun/c-Fos in KYSE450 and KYSE150 cells decreased ID1 expression (Fig. 4D) . These results indicated that c-Jun and c-Fos were involved in the transcriptional regulation of ID1, responding to etoposide in ESCC cells. As shown in Fig. 5A , knockdown of c-Jun/c-Fos following etoposide treatment markedly increased the expression of p53, which enhanced activity of caspase 3 and PARP cleavage. Furthermore, we used flow cytometry to investigate cell apoptosis induced by this pathway. As shown in Fig. 5B, (Fig. 6B) . To investigate the role of c-Jun/c-Fos-ID1 in cancer progression, we first analyzed clinical outcome data using PROGgeneV2 from published studies for correlations between c-Jun/c-Fos-ID1 expression levels and survival of cancer patients. Interestingly, high expression of ID1 and c-Jun or c-Fos is correlated with poor survival in cancer patients (Fig.  6B) . These results indicated that concurrent high expression of c-Jun/c-Fos and ID1 may predict a poor prognosis for cancer patients.
ID1 Inhibits Etoposide-induced Cell Apoptosis in a c-Jun/cFos-dependent Manner in ESCC Cells
Discussion
Recently, tumor resistance to chemotherapy remains a clinical problem. Functional screens have been directed at finding novel targets affecting sensitivity to chemotherapy, but it remains unclear whether these targets have direct roles in chemoresistance or offer prognostic value to clinicians. ID1 was involved in chemoradioresistant in human cancer and was exploited as a therapeutic target (13, 16 -18) . Therefore, the biological functions and mechanisms of ID1 under the chemotherapeutic drug treatment need to be intensively studied.
A recent study revealed that competitive binding between ID1 and E2F1 to CDC20 regulates E2F1 degradation and thymidylate synthase expression to promote esophageal cancer chemoresistance (12) . Moreover, another previous study showed that ID1 was also induced by nicotine, and ectopic expression of ID1 might enhance cell resistance to damage (13) . In line with this, we found that ID1 expression was induced by etoposide in esophageal cancer cells (Fig. 1D) . These results suggest that ID1 expression was induced by DNA damage response and maybe correlated with esophageal cancer chemoresistance. Moreover, we found that KYSE180, with a higher endogenous expression of ID1 than KYSE450, KYSE140, and KYSE150 cells, displays greater resistant to etoposide (Fig. 2A) . Additionally, our data indicate that overexpression of ID1 can enhance cell resistance to etoposide-induced apoptosis, and knockdown of ID1 increased the percentage of the apoptosis (Fig. 2, C and E) . DNA damage, such as that induced by radiation or chemotherapeutic drugs, is a potent activator of p53 (37) . ID1 was interacted with p53 in DNA damage response (16, 38) . Previous study showed that ID1 is an effector of the p53-dependent DNA damage response pathway, and DEC1 represses the transcription of the ID1 gene under the treatment of doxorubicin or camptothecin (38) . ID1 up-regulates MDM2, a key negative regulator of p53, and promotes p53 protein degradation in human colorectal cancer cells (16) . We found that up-regulation of ID1 reduced p53 expression, whereas knockdown of ID1 promoted p53-mediated caspase 3 activity and PARP cleavage under etoposide treatment (Fig. 2, D and F) . However, the regulatory mechanism of ID1 induced by etoposide still remains elusive.
To explore the molecular mechanism by which the expression of ID1 might be induced with etoposide treatment in ESCC cells, we first detected that etoposide dramatically activated the promoter of ID1 (Fig. 3A) , indicating that etoposide-induced ID1 expression was at the transcriptional level, which may involve in some transcriptional factors. Next, we explored which transcription factor was involved in regulating ID1 expression. With computer-aided transcription factor-binding site analysis, we identified one TGACGTCA motif, and it is highly conserved among different species (Fig. 3B) . The TGACGTCA motif is one of the most common regulatory elements widely distributed in promoters or enhancers and was generally regarded as the transcription factor AP-1 family functional binding elements (33) . Transcription factor AP-1 is Transcriptional Activation of ID1 by c-Jun/c-Fos MARCH 25, 2016 • VOLUME 291 • NUMBER 13 mainly composed of Jun (c-Jun, JunB, and JunD) and Fos (c-Fos, FosB, Fra-1, and Fra-2) (20, 21) . Previous study showed that AP-1 is required for cell survival and involved in multidrug resistance (22, 23) . In this study, using ChIP and dual luciferase reporter assay, we show for the first time that c-Jun/c-Fos can directly bind to the ID1 promoter, thereby activating ID1 transcription and expression in vivo (Fig. 3, C and E) . Moreover, we found that etoposide increased c-Jun/c-Fos and ID1 expression (Fig. 4, A and B) , and ectopic expression of c-Jun or c-Fos increased ID1 expression, whereas repressed expression of c-Jun or c-Fos had the opposite effects (Fig. 4, C and D) . Furthermore, we found that ID1 expression positively correlated with c-Jun/c-Fos in esophageal cancer, as well as a variety of other cancer types (Fig. 6A) . These results showed that tran- scription factor AP-1 was involved in regulating ID1 transcription and expression in ESCC.
Apoptosis is a cellular process regulated by the balance of pro-and anti-apoptotic proteins (33, 39) . Robust and persistent activation of AP-1 in cells containing damaged DNA causes defective replication and may trigger apoptosis through the same mechanisms that induce cell death after constitutive expression of oncogenes (40) . Here, we showed that ablation of c-Jun/c-Fos resulted in an increase in the percentage of apoptosis (Fig. 5, A and B) . Moreover, elimination of c-Jun/c-Fos with ID1 rescued cells could dramatically reduce cell apoptosis under etoposide treatment (Fig. 5B) . These results suggest that ID1 inhibits etoposide-induced apoptosis in a c-Jun/c-Fos-dependent manner in human ESCC cells. However, deletion of c-Jun/c-Fos can neither completely abolish the expression of ID1 nor antagonize the effect of etoposide-induced cell apopto- sis. This recalls the existence of other transcriptional factors regulating ID1 expression and other downstream targets participating in etoposide-mediated cell apoptosis.
ID1 is known to be associated positively with pathological N stage and could be considered as a prognostic predictor for stage III ESCC patients (11) . ID1 and ID3 function together to govern colon cancer-initiating cell self-renewal by p21 (7) . It is also known to be induced by Stat3 and then up-regulates MDM2 to promote p53 protein degradation (16) . Moreover, ID1 increases thymidylate synthase dependent upon E2F1 to promote cancer chemoresistance (12) . These findings indicate that ID1 expression associates with other molecular markers and may not be an independent prognostic factor. Here, we show that simultaneous high expression of ID1 and c-Jun or c-Fos is correlated with poor survival in human cancer patients (Fig. 6B) and further suggests that c-Jun/c-Fos-ID1 regulatory mechanism has clinical significance in human cancer.
Overall, our results are of significance in finding that AP-1 can transcriptionally regulate ID1 in DNA damage response, thus causing chemoresistance to therapeutic drugs in ESCC cells. ID1 expression was positively correlated with that of c-Jun and c-Fos in human cancers. More importantly, concurrent high ID1 and c-Jun/c-Fos expression in human tumors is significantly correlated with shorter survival of cancer patients. We also demonstrated the importance of c-Jun/c-Fos-ID1 signaling pathway in chemoresistance of esophageal cancer cells. This will provide an insight to target c-Jun/c-Fos-ID1 for cancer therapeutic strategies. Additionally, our results facilitate the development of innovative anti-cancer strategies and provide considerable insight into understanding the underlying molecular mechanisms in ESCC cell biology.
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